Spin-torque  nano-oscillator  as  a  microwave  signal  source 
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We  evaluate  a  possibility  to  use  spin-torque  nano-oscillators  (STNOs)  and  oscillator  arrays  as 
new  sources  of  microwave  signals  for  telecommunication  devices.  The  microwave  signal  generated 
by  STNO  can  be  received  as  oscillation  of  the  device  magnetoresistance  (MR)  or  as  direct  elec¬ 
tromagnetic  emission  of  two  effective  magnetic  dipoles.  We  calculate  the  dipolar  microwave  power 
emitted  by  STNO  in  free  space  and  in  several  types  of  transmission  lines  and  resonators.  We  demon¬ 
strate  that,  although  the  power  of  a  single  STNO  received  through  the  MR  effect  is,  typically,  larger 
than  the  power  of  direct  microwave  emission  of  effective  dipoles,  the  latter  mechanism  might  have 
an  advantage  for  sufficiently  large  arrays  of  coupled  STNOs. 
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Spin-transfer-torque  effect  in  magnetic  multilayers  the¬ 
oretically  predicted  in1,2  and  experimentally  observed 
in3-8  provides  a  new  method  of  generation  of  microwave 
oscillations  in  nano-magnetic  systems  and  leads  to  the 
development  of  novel  active  microwave  devices  -  spin- 
torque  nano-oscillators9  (STNOs)  (Fig.  1(a)).  In  practi¬ 
cally  all  known  experimental  works  involving  STNOs3-8 
the  generated  microwave  signal  is  extracted  as  a  mi¬ 
crowave  component  of  the  current  traversing  the  device 
driven  by  dc  bias  current  /<jc  formed  because  the  mag¬ 
netoresistance  (MR)  of  the  device  is  oscillating  with  mi¬ 
crowave  frequency  due  to  the  fact  that  the  magnetization 
of  the  “free”  magnetic  layer  (FL)  of  STNO  is  precessing 
while  the  magnetization  of  a  “pinned”  magnetic  layer 
(PL)  is  at  rest  (see  Fig.  1(a)).  Thus,  the  total  resistance 
of  the  device  is:  R{t)  =  R&c  +  Rr{  cos(2n ft),  where  / 
is  the  frequency  of  the  magnetization  precession  in  the 
FL.  The  microwave  power  generated  by  a  single  STNO 
through  the  MR  mechanism  can  be  evaluated  as: 

-PMR  ~  ^^dc^dcPMR:  (1) 

where  /?mr  =  Rr t/Rdc  is  the  magnetoresistance  coeffi¬ 
cient.  In  the  case  of  a  STNO  based  on  the  giant  magne¬ 
toresistance  (GMR)3,5  effect  this  power  is  relatively  small 
(around  one  nW),  while  in  the  case  of  a  STNO  based  on 
the  tunneling  magnetoresistance  (TMR)4,7  effect  it  can 
reach  1  gAN . 

The  magnetization  precession  excited  by  spin- 
polarized  current  in  a  FL  of  a  STNO  can  manifest  itself 
not  only  through  the  above  discussed  GMR  and  TMR  ef¬ 
fects.  The  precessing  magnetization  of  the  FL  creates  os¬ 
cillating  dipolar  magnetic  field  that  can  be  registered  and 
channeled,  if  an  appropriate  transmission  line  is  coupled 
to  a  generating  STNO.  The  problem  of  the  direct  dipo¬ 
lar  emission  of  microwave  signal  generated  by  STNO  in 
a  free  space  has  been  recently  considered  in12.  It  was 
found  in12  that  the  microwave  signal  directly  emitted  by 
STNO  into  a  free  space  is  substantially  smaller  then  the 
signal  that  could  be  extracted  from  STNO  through  the 


FIG.  1:  (a)  Model  of  a  spin-torque  nano-oscillator  (STNO) 
consisting  of  three  layers  of  the  lateral  radius  rc  :  a  “pinned” 
magnetic  layer  (PL)  (1),  a  non-magnetic  spacer  (2),  and  a 
“free”  magnetic  layer  (FL)  (3)  of  the  thickness  L.  Here  Mpl 
is  the  magnetization  vector  in  the  PL  (1),  the  direction  of 
which  is  defined  by  the  external  bias  magnetic  field  Hext  and 
the  structure  geometry,  M  is  the  magnetization  vector  of  the 
FL  (3),  m  is  the  variable  microwave  magnetization  excited 
in  the  FL  by  the  spin-polarized  dc  current  7dc,  and  a  is  the 
angle  of  magnetization  precession  in  the  FL;  (b)  STNO  (1) 
placed  inside  a  half-wavelength  microstrip  resonator,  where  l 
of  resonator  length,  a  is  the  width  of  the  microstrips  (2),  and 
b  is  the  distance  between  the  microstrips. 


MR  effect.  The  situation,  however,  can  be  different  if  the 
emission  is  taking  place  in  a  microwave  transmission  line 
or  a  resonator,  or/and  if  an  array  of  many  phase-locked 
(or  synchronized)  STNOs6,8,10  placed  in  a  microwave  res¬ 
onator  is  used  to  generate  a  microwave  signal. 

The  goal  of  our  current  work  was  to  evaluate  the  mag¬ 
nitude  of  the  microwave  power  that  can  be  extracted  from 
an  STNO  through  the  oscillating  dipolar  fields  when  the 
STNO  is  coupled  to  different  microwave  systems,  and  to 
compare  this  power  with  the  power  that  can  be  extracted 
through  the  traditional  MR  mechanism.  Our  electrody¬ 
namic  calculations  briefly  described  below  demonstrate 
that,  although  for  a  single  STNO  the  MR  mechanism  is 
much  more  efficient  than  the  direct  dipolar  electromag¬ 
netic  emission,  the  latter  mechanism  can  have  a  signifi¬ 
cant  advantage  in  the  case  of  a  sufficiently  large  array  of 
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synchronized  STNO  placed  in  a  microwave  resonator. 

In  our  current  work  we,  first  of  all,  calculated  the  mi¬ 
crowave  power  that  can  be  emitted  by  a  single  STNO 
into  free  space  (in  near-  and  far-held  zones),  and,  then, 
calculated  the  power  of  the  STNO  emission  into  mi¬ 
crowave  transmission  lines  (rectangular  waveguide  and 
microstrip  line)  and  into  microwave  resonators  (rectan¬ 
gular  and  microstrip).  In  this  calculations  we  used  a 
simple  model  of  direct  microwave  emission  from  a  sys¬ 
tem  of  two  effective  magnetic  dipoles  developed  in12,  the 
expressions  for  the  fields  of  a  magnetic  dipole12’13,  and 
the  standard  expressions  for  the  electromagnetic  fields  of 
fundamental  modes  in  the  considered  transmission  lines 
and  resonators13.  In  our  calculations  we  assumed  that 
the  magnetization  of  the  FL  is  uniform  (macrospin  ap¬ 
proximation)  and  that  the  sizes  of  the  effective  magnetic 
dipoles  are  much  smaller  than  the  wavelength  A  of  the 
microwave  signal.  In  our  model  the  microwave  compo¬ 
nent  m  of  the  FL  magnetization  depends  on  the  pre¬ 
cession  angle  a  as  m(a)  =  M  sin  a  (see  Fig. 1(a))  and 
the  microwave  power  emitted  from  STNO  is  defined  as 
P  (a)  =  Pdip  sin2  a.  To  evaluate  the  maximum  value 
of  emitted  microwave  power  we  assumed  that  the  mag¬ 
netization  precession  angle  has  a  maximum  value  equal 
to  amax  =  90°.  In  such  a  case  the  magnitude  of  the 
microwave  magnetization  m  also  has  its  maximum  value 
m max  =  M.  In  our  primary  calculations  we  used  the 
following  typical  parameters  of  STNO:  saturation  mag¬ 
netization  of  the  STNO  FL  /jq  M  =  800  mT  (where  po  is 
vacuum  permeability),  radius  of  the  STNO  rc  =  100  nm, 
thickness  of  the  STNO  FL  L  =  5  nm,  volume  of  the 
STNO  FL  V  =  7r r2L,  and  the  frequency  of  the  magne¬ 
tization  precession  f  =  10  GHz.  We  also  assumed  that 
the  permittivity  e  and  permeability  p  of  the  media  are 
approximately  equal  to  the  vacuum  permittivity  eo  and 
vacuum  permeability  po,  respectively. 

Using  the  described  above  model  we  obtained  the 
following  generalized  expression  for  the  maximum  mi¬ 
crowave  power  emitted  by  a  single  STNO  in  the  con¬ 
sidered  microwave  systems: 

Pmp(f)  =  (2) 

where  P  =  /io'm2laxU/  is  the  characteristic  microwave 
power  emitted  from  the  FL  of  a  STNO,  Ves  is  the  effec¬ 
tive  volume  of  a  particular  microwave  system  coupled  to 
STNO  and  Q  is  the  quality  factor  of  this  system.  The  val¬ 
ues  of  the  maximum  microwave  power  emitted  by  a  single 
STNO  calculated  for  different  systems  are  presented  in 
Table  I  along  with  the  expressions  for  the  effective  vol¬ 
ume  Veff  for  these  systems. 

The  results  presented  in  the  Table  I  demonstrate  that, 
although  the  power  emitted  from  an  STNO  into  a  free 
space  is  very  low,  the  coupling  of  an  STNO  to  a  mi¬ 
crowave  system  can  substantially  increase  the  output 
power.  In  particular,  if  we  place  an  STNO  in  the  center 
of  a  gold  nano-loop  of  a  round  shape  (radius  r l  =  10  pm, 
square  cross-section  S'l  =  50  x  50  nm2,  and  the  the  char¬ 


acteristic  resistance  i?L  =  Pg^irr^/Si,  =  503  Ohm,  where 
pg  =  20  nOhm  •  m  is  the  resistivity  of  gold)  we  can  in¬ 
crease  the  emitted  power  by  approximately  1010  times, 
because  the  power  can  be  collected  by  the  loop  in  a  near¬ 
field  zone  (see  Table  I).  A  similar  power  enhancement 
can  be  achieved  if  an  STNO  is  placed  between  the  plates 
of  a  nano-sized  square  capacitor  (the  length  and  width 
of  the  capacitor  plates  are  a  =  10  pm  and  the  distance 
between  the  plates  is  b  =  50  nm)  (see  Table  I).  If  we 
place  an  STNO  in  a  rectangular  waveguide  or  into  a  mi¬ 
crostrip  transmission  line  with  the  cross-section  of  a  x  6, 
the  electromagnetic  field  generated  by  a  STNO  can  ex¬ 
cite  the  fundamental  propagating  modes  in  these  trans¬ 
mission  lines,  but,  as  it  can  be  seen  from  Table  I,  this 
approach  is  less  effective  than  the  previous  one.  In  order 
to  increase  the  emitted  power,  a  STNO  can  be  placed  in 
a  microwave  resonator  with  a  sufficiently  high  Q ,  which 
allows  one  to  increase  the  emitted  power  Q  times  (see 
Ex.  (2)).  However,  our  calculations  performed  for  a  rect¬ 
angular  resonator  (having  sizes  a,  b  and  l  and  a  reason¬ 
ably  high  quality  factor  of  Q  =  105)  demonstrated  that 
the  power  emitted  in  such  a  resonator  is  smaller  than  the 
power  that  can  be  collected  by  e.g.  a  nano-loop  situated 
in  the  near-field  zone  of  an  STNO.  The  power  emitted 
into  a  resonator  can  be  increased  if  the  effective  volume 
Veg  of  the  resonator  is  reduced.  To  achieve  this  it  is  pos¬ 
sible  to  place  an  STNO  inside  a  parallel-plate  resonator 
(the  simplest  model  for  a  microstrip  resonator)  having 
the  width  a,  height  b  and  length  l  =  A/2  (see  Fig.  1(b)). 
For  the  reasonable  sizes  of  the  microstrip  resonator  the 
emitted  power  of  several  pW  can  be  obtained  (see  Ta¬ 
ble  I). 

The  calculations  using  Ex.  (1)  and  Ex.  (2)  have  demon¬ 
strated  that  absolute  values  of  microwave  power  emitted 
by  a  single  STNO  are  rather  small.  Thus,  to  create  a 
practical  source  of  microwave  signals  based  on  STNOs  it 
would  be  useful  to  use  arrays  of  coupled  and  synchronized 
STNOs6’8’10. 

There  are  two  approaches  to  create  such  an  array  of 
STNOs.  The  first  (traditional)  approach  is  to  form  an  ar¬ 
ray  of  N  oscillators  connected  in  parallel  or  in  series  and 
coupled  by  a  common  bias  current.  In  such  a  case,  as  it 
was  shown  in11,  the  output  power  extracted  through  the 
MR  mechanism  from  an  array  of  N  synchronized  STNOs 
is  N  times  larger  than  the  power  of  a  single  STNO.  The 
second  approach  is  to  place  N  STNOs  (coupled  through 
their  dipolar  electromagnetic  fields)  inside  a  resonator 
with  a  high  Q-factor  and  extract  the  power  through  the 
above  described  dipolar  emission  mechanism.  In  that 
case,  as  it  was  shown  in14,  the  output  power  of  the  N- 
oscillator  array  can  be  N2  times  larger  than  the  power  of 
a  single  oscillator,  as  long  the  total  microwave  power  ex¬ 
tracted  from  the  resonator  coupled  to  the  array  remains 
smaller  then  the  power  caused  by  Gilbert  damping  in  a 
single  STNO  in  the  array15. 

Using  the  theory  developed  in11  and  assuming  that  a 
synchronized  array  of  N  STNOs  is  placed  in  a  microwave 
resonator,  we  can  obtain  the  condition  on  the  number 
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TABLE  I:  Expressions  for  14ft  and  values  for  maximum  microwave  power  emitted  by  a  single  STNO  calculated  using  Ex.  (2) 


Case 

Expression  for  14ft 

Parameters 

Maximum  power,  W 

Free  space 

A3 

A  =  3  cm,  Q=1 

3.9  •  10-22 

Nano-loop 

4nr2Rn/3fi0f 

Rh  =  503  Ohm,  Q  =  1 

6.0  •  10-12 

Nano-sized  square  capacitor 

2n3\2L2b/3a2 

a  =  10  gm,  b  =  50  nm,  <5  =  1 

1.1  ■  10-11 

Rectangular  waveguide 

16na2bx/3  a 

=  23  mm,  b  =  50  nm,  \  —  v/p^  ~  V 2> 
t]  =  A/2  a  «  0.65,  Q  =  1 

2.7-  10-17 

Microstrip  line 

64-7T  ab\/ 3 

a  =  10  fim,  b  =  50  nm,  <5  =  1 

1.0  •  10-14 

Rectangular  resonator 

47r3A26(l  +  x2)2/3X 

a  =  23  mm,  b  =  50  nm,  Q  =  105 

1.6  •  10-13 

Microstrip  resonator 

167r3a&A/3 

a  =  10  fin l,  b  =  50  nm,  Q  =  103 

4.2  •  10-12 

FIG.  2:  Dependence  of  the  critical  number  Nc  (3)  of  STNOs 
in  a  synchronized  array  placed  in  a  microstrip  resonator  on 
the  generation  frequency  /.  If  IV  >  Nc  the  microwave  power 
that  could  be  extracted  from  the  array  through  the  dipolar 
emission  mechanism  exceed  the  power  that  could  be  extracted 
through  the  MR  mechanism. 


(STNO  +  resonator)  at  which  Pdip(/)  =  Pmr  for  a  sin¬ 
gle  STNO.  The  straight  lines  showing  the  dependence 
of  the  critical  number  of  STNOs  in  an  array  Nc  (3)  on 
the  generation  frequency  /  for  STNOs  using  the  GMR 
(dashed  line)  and  TMR  (solid  line)  effects  are  presented 
in  Fig.  2.  These  lines  were  calculated  for  the  case  of 
STNOs  coupled  to  a  microstrip  resonator  (see  the  last 
line  in  Table  I)  assuming  that  Pmr,  =  1  nW  for  the 
GMR  STNO  and  PMr  =  1  /jMV  for  the  TMR  STNO. 
The  characteristic  frequencies  fc  in  these  two  cases  are 
/GMR  ^  154  GHz  and  /JMR  ~  4.883  THz,  respectively. 
The  regions  above  the  GMR  (dashed)  and  TMR  (solid) 
lines  are  the  regions  where  the  direct  dipolar  emission 
from  a  synchronized  array  of  STNOs  provides  the  larger 
output  microwave  power  than  the  corresponding  (GMR 
or  TMR)  MR  effects. 

In  conclusion,  we  demonstrated  that,  although  the 
power  of  a  single  STNO  received  through  the  MR  ef¬ 
fect  is,  in  most  cases,  larger  than  the  power  of  the  direct 
dipolar  emission  from  the  same  STNO,  the  latter  mecha¬ 
nism  might  become  preferable  for  sufficiently  large  arrays 
of  coupled  and  synchronized  STNOs. 


N(f)  of  STNOs  in  the  array,  that  guarantees  that  the 
microwave  power  extracted  through  the  dipolar  emission 
is  larger  than  the  power  obtained  through  the  MR: 


N(f)  >  Nc 


Pmr 

Pdip(/) 


f± 

P1 


(3) 


where  fc  is  the  characteristic  frequency  of  the  system 
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